Cells respond to the mechanical properties of the extracellular matrix (ECM) through formation of focal adhesions (FAs), re-organization of the actin cytoskeleton and adjustment of cell contractility. These are energy-demanding processes, but a potential causality between mechanical cues and cellular (energy) metabolism remains largely unexplored. Here, we demonstrate that cytoskeletal reorganization and FA formation during cell spreading on stiff substrates lead to a drop in intracellular ATP levels, thereby activating AMP-activated protein kinase (AMPK). The latter then triggers rapid mitochondrial fragmentation and an increase in ATP levels to reinforce cell tension and regulate nuclear localization of YAP/TAZ and Runx2.
Introduction
The physical properties of the extracellular matrix (ECM) have a profound impact on cell behavior and stem cell fate, and a direct relationship between matrix stiffness, cell spreading and lineage selection has been demonstrated [1] [2] [3] [4] [5] [6] . Forces generated within the actin cytoskeleton and transmitted through FAs, play a major role in the cellular response to biophysical cues [7] [8] [9] [10] . Much attention has been given to how cells respond to mechanical forces. However, less is known how these forces are integrated with other cellular processes including bioenergetics [11] [12] [13] . In order to understand how mechanical forces shape the cellular phenotype and regulate cell fate, it is necessary to consider the highly dynamic nature of the cellular response, which involves a hitherto overlooked large energy expenditure. Growing evidence indicates that the transduction of external mechanical forces are linked to metabolic signals such as neutral lipid synthesis 13 , mitochondrial structural remodeling 14 , cellular glucose uptake 11 and cell migration 15 . The cellular response is a well-tuned process that must balance energy supply with energy demand to allow proper actin polymerization, FA formation and cellular contractility buildup. But it remains unclear how cells respond to this energy expenditure, tune energy supply and demand, and maintain energy homeostasis for mechanotransduction.
AMPK, a well-characterized cellular energy sensor 15, 16 , plays a key role in the coordination of cell function by controlling intracellular ATP levels 17 . AMPK is Thr172phosphorylated and thereby activated (yielding pAMPK) when the AMP/ATP ratio increases, for instance during starvation, hypoxia or cell detachment from the ECM 18, 19 . Upon AMPK activation, energy homeostasis is restored by altering mitochondrial morphology or glucose, protein and lipid metabolism 20 . AMPK is a key regulator of mitochondrial dynamics, as it can phosphorylate and thereby activate a mitochondrial fission factor (Mff), which stimulates mitochondrial division 21, 22 . Alterations in mitochondrial fission, fusion and morphology are induced by mechanical cues, chemical stimulations or metabolic stresses [22] [23] [24] . A recent study in MCF10A (human breast epithelial) cells and MDCK II (canine kidney epithelial) cells, revealed that force-mediated AMPK activation stimulated actomyosin contractility and increased cellular ATP levels, thus linking energy homeostasis with cell-cell adhesion mechanotransduction 11 .
Actomyosin contractility also plays a major role in the cellular response to the physical properties of the ECM through FA formation and organization of the actin cytoskeleton, which are ATP-dependent 11, 12, 25, 26 . We hypothesized that the very expenditure of ATP during spreading regulates the cellular mechanoresponse to physical cues.
In this study, we demonstrate how the AMPK energy sensor is activated by the spreadinginduced drop in cellular ATP levels to restore the energy homeostasis via altering mitochondrial morphodynamics. On a stiff substrate, we observed high ATP levels, increased glucose uptake and actomyosin contractility, and continuous AMPK activation, resulting in nuclear localization of YAP/TAZ and Runx2, and osteogenic differentiation. Cell fate appeared strongly correlated with the activation or inhibition of AMPK, independent of substrate stiffness. Our findings establish a critical role for AMPK in connecting intracellular energy expenditure and cellular mechanotransduction, with downstream effects on stem cell fate. We cultured human mesenchymal stem cells (hMSCs) (at low densities, 1250 cells/cm 2 ) on 1 kPa (soft) or 20 kPa (stiff) polyacrylamide (PAAm) gels functionalized with collagen (50 µg/mL), and determined intracellular ATP levels at different time points, from initial adhesion and spreading of cells to steady state (when no further morphological changes were observed) ( Fig. 1a and Supplementary Fig. 1a, b) . Consistent with previous findings 1, 5 , cells grown on stiff substrates displayed larger cell spreading areas with reinforced stress fibers and accompanying lower levels of G-actin, and greater sizes and numbers of FAs ( Supplementary   Fig. 1c-d) . During the same time window, intracellular ATP levels on the stiff substrate decreased by ~27% within the first 3 h ( Fig. 1a) , consistent with increased energy expenditure for spreading cells and concomitant formation of actin cytoskeleton and FAs. At steady state (no further changes in spread area after 20 h), intracellular ATP levels on stiff substrates recovered and even exceeded those on soft ones ( Fig. 1a) . Mouse embryonic fibroblasts (MEF) and NIH 3T3 cells also displayed increased intracellular ATP levels when cultured for 20 h on substrates of increasing stiffness ( Fig. 1b) . A 31% increase in glucose uptake in hMSCs cultured on 20 kPa compared to 1 kPa PAAm substrates was determined from the higher intracellular levels of 2-NBDG, a fluorescent glucose analog used for monitoring glucose uptake into living cells ( Fig.   1c ). A correlation between energy demand and spreading was also evident in glucose starvation experiments. Reducing glucose concentration in culture medium from 4.5 to 0 g/L for cells on stiff substrates significantly impacted on intracellular ATP levels (~34% lower; Fig. 1d ) and starvation halted cell proliferation ( Supplementary Fig. 2) . To investigate the role of glucose in more detail, we monitored hMSC spreading on stiff substrates in the presence or absence of glucose ( Fig. 1e and Supplementary Fig. 1b, 3) . Glucose depletion significantly reduced actin polymerization and FA formation, corroborated by 3.8-fold increase in G/F-actin levels ( Fig. 1f) after 20 h culture. Cells cultured on stiff substrates in the presence of ROCK inhibitor Y27632 or myosin inhibitor blebbistatin (Bleb.) showed stable cellular ATP levels consistent with a less developed actin cytoskeleton and reduced cell contractility ( Fig. 1g and Supplementary Fig. 4 ).
Results

Feedback between spreading and intracellular energy expenditure
Next, we studied the temporal characteristics of intracellular ATP changes upon disruption and re-organization of the actin cytoskeleton. Cells were treated for 1 h with Cytochalasin D (CytoD), after which they displayed a small rounded morphology and slightly increased ATP levels. After CytoD removal from the medium, cells re-spread on the substrate, during which intracellular ATP levels dropped by ~22% ( Fig. 1h) , confirming that actin cytoskeleton organization indeed consumes a significant fraction of intracellular ATP. Extending the CytoD treatment time to 5 h resulted in lower steady state ATP levels ~16% lower) and limited cell spreading ( Supplementary Fig. 5 ).
Finally, we studied the contribution of cytoskeletal reorganization and cell tension buildup to ATP consumption on stiff substrates, by inhibiting actin polymerization and cytoskeletal tension using CytoD and Bleb., respectively, at different time points ( Fig. 1i) . For ease of comparison, ATP intensities were normalized to the non-treated control group at the particular time point. At early time points (< 5 h), inhibition by CytoD restored intracellular ATP levels (up 1.2 fold -back to levels of spreading cells); whereas Bleb. treatment had no significant effect. In contrast, at later time points (10 h and 20 h), treatment with CytoD did not lead to increases in ATP levels, but the addition of Bleb. Did, showing a 12 % increase. These results indicate that during early stages of cell spreading, ATP expenditure is mostly due to actin polymerization, whereas at steady state, increased cell contractility is a major route for ATP consumption.
Energy regulation through AMPK-mediated mitochondrial morphodynamics
In stem cells, mitochondria are prime generators of ATP 14, 22 , these organelles are motile, and continuously fuse and divide, a process influenced by mechanical cues 14, 23 . In addition to its role in ATP production, mitochondrial dynamics has been coupled to the coordination of selfrenewal vs. differentiation of stem cells 27 . Primed by these findings we next determined whether substrate stiffness affected mitochondrial morphology and dynamics. Visual inspection suggested that, on soft substrates, mitochondria display a filamentous structure at both 5 h and 20 h after seeding. In contrast, mitochondrial morphology appeared more fragmented on stiff substrates ( Fig. 2a) . Quantitative analysis 28 revealed that the mitochondria area (Am, a measure of mitochondrial size) and form factor (F, a combined measure of mitochondrial length and degree of branching), were significantly higher on soft than on stiff substrates (Fig. 2b, c) .
Functionally, the mitochondrial accumulation of the fluorescent cation tetramethylrhodamine methyl ester (TMRM) was higher in cells on stiff substrates (Supplementary Fig. 6 ). This suggests that the mitochondrial membrane potential, which provides a large part of the driving force for mitochondrial ATP production, is more negative 28 . Finally, time-lapse imaging of mitochondria revealed fast mitochondrial fission on stiff substrates, suggesting faster mitochondrial dynamics ( Fig. 2d and Supplementary Movie) . Western blot analysis revealed increased pAMPK/AMPK ratios in hMSCs cultured for 5 and 20 h on stiff vs. soft substrates ( Fig. 2e) . To gain insight into the chain of events during AMPK phosphorylation we performed western blot and immunostaining analysis at different time points ( Fig. 2f, g) . On stiff substrates, virtually no pAMPK expression was observed during the initial cellular adhesion period (0.5 h) ( Fig. 2f) . Cells cultured on these substrates for longer than 1 h showed elevated pAMPK levels as well as nuclear localization. Together, these experiments establish that AMPK phosphorylation is preceded by a drop in ATP levels ( Fig. 1a and Fig. 2f, g) . Consistent with AMPK-mediated Mff activation, a fragmented mitochondrial phenotype was observed 1 h after seeding (Supplementary Fig. 7) . To establish the key role of AMPK in mechanotransduction, we cultured AMPKα1 -/-AMPKα2 -/-(AMPKα-null) mouse embryonic fibroblasts (MEFs) on soft and stiff substrates.
Mechanotransduction is AMPK-dependent
These cells displayed a 40-50% lower ATP content that was not affected by stiffness (Fig. 3a) .
Also, no differences in glucose uptake were observed for AMPKα-null MEFs cultured on different substrates (Fig. 3b) , which is lower compared to wild type (WT) MEFs on either substrate (Fig. 3b, c) . Interestingly, cell morphology of WT and AMPKα-null cells and on soft substrates appeared very similar (Fig. 3d) , but on stiff substrates AMPKα-null cells displayed limited spreading, and a less well-developed actin cytoskeleton (as evidenced by the ~2.3-fold higher G/F-actin ratio). Fig. 3e demonstrates reduced actomyosin contractility in AMPKα-null cells on stiff substrates and a lower number of FAs. YAP/TAZ is a mechanical regulator that typically shows cytoplasmic or nuclear localization regulated by external signals. 29, 30 . Stiff substrates and actomyosin tension are associated with high levels of nuclear YAP/TAZ 3, 31 , and in WT cells we observed nuclear localization in up to 79±10% cells. Conversely, inhibition of actin polymerization and stress fiber formation by silencing AMPK almost halved YAP/TAZ nuclear localization (Fig. 3f ).
AMPK inhibition-induced ATP reduction limited cellular mechanotransduction
To further dissect the role of AMPK, we inhibited its phosphorylation with the cellpermeable inhibitor Compound C. 30 min after hMSCs seeding on stiff PAAm gels, AMPK inhibitor was added to medium for the following 20 h incubation which resulted in markedly decreased intracellular ATP levels (Fig. 4a) . Compound C reduced glucose uptake by ~13% ( Fig.   4b ) and induced a shift in mitochondrial morphology from a fragmented to a more filamentous phenotype (Fig. 4c) . The latter is comparable to the morphology changes induced by stiff (fragmented) and less stiff (filamentous) substrates (Fig. 4c) . AMPK plays a dual role in migrating cells, stimulating cytoskeletal dynamics in the leading edge of lamellipodia, but inhibiting integrin activity and mechanotransduction in the more mature lamellum region 12 .
Inhibition of AMPK clearly influenced FAs, which appeared smaller and confined to the edge of spreading cells (Fig. 4d) . Furthermore, cytoskeletal organization was less developed, with fewer cross-cell stress fibers. Although cells displayed a similar spreading area, the number of FAs in cells decreased with increasing concentrations of Compound C. YAP/TAZ was increasingly localized in the cytoplasm with declining ATP levels after inhibition of AMPK (Fig. 4e, f) .
Furthermore, we modulated energy supply by varying the glucose concentration in the culture medium. YAP/TAZ nuclear localization only became pronounced at glucose concentrations >2.5 g/L and during glucose starvation YAP/TAZ nuclear localization was as low as ~21±9% ( Supplementary Fig. 8) . Nuclear YAP/TAZ localization induced by ECM stiffness requires RhoA activity, which can regulate the formation of actin bundles, stress fibers and tensile actomyosin structure 32 . With the inhibition of AMPK, RhoA expression also decreased contributing to cytoplasmic YAP/TAZ localization. Interestingly, AMPK inhibition lead to lower levels of myosin II and β -integrin, suggesting a direct role for AMPK in regulating cell contractility 33 (Fig. 4g) . Finally, cell proliferation after 48 h culture was completely suppressed upon Compound C addition (Fig. 4h) . These results support the hypothesis that energy metabolism and mechanotransduction are linked. Having demonstrated the effect of AMPK inhibition in cells spreading on stiff substrates, we next studied AMPK activation by adding the AMPK activator, A-769662 after 30 min of cell spreading on soft substrates (using a culture medium containing 4.5 g/L glucose), and culturing cells for 20h. A-769662 treatment increased intracellular ATP levels (up to ~1.9-fold), and increased glucose uptake (up to ~2.3-fold) (Fig. 5a, b) . Moreover, activation of AMPK triggered a fragmented mitochondrial phenotype (Fig. 5c) . The increase in ATP levels was paralleled by lower G-actin levels, increased FA formation and enhancement of actomyosin contractility (Fig.   5d ). We monitored YAP/TAZ localization of hMSCs on soft substrates treated with different concentrations of A-769662. Interestingly, while cells on stiff substrates showed increasing levels of cytoplasmic YAP/TAZ upon inhibition of AMPK, we now observed preferential nuclear YAP/TAZ localization in cells on soft substrates upon AMPK activation (Fig. 5e) .
AMPK-mediated ATP production is required for cellular mechanoresponse
Compared to the cells on the soft substrate, the additional AMPK activation promoted cellular proliferation 2.6-fold ( Fig. 5f ).
AMPK activity influences differentiation into osteoblasts
Finally, we determined how manipulation of AMPK activation impacted on cell fate. Runx2
protein is a prominent transcription factor which can be detected in pre-osteoblasts and induces the differentiation of MSCs into osteoblasts when translocated into the nucleus of stem cells 34, 35 .
Compound C (10 µM) was added to the medium for cells cultured on stiff substrates and A-769662 (200 µM) was added to the medium for cells on soft substrates. Relative to standard culture conditions, a higher Runx2 nuclear localization was detected under conditions that promote higher AMPK activation on stiff substrates (i.e. with no inhibitor present) ( Fig. 6a) or additional AMPK activator on soft substrates (Fig. 6b ) after 1-day culture. Further, hMSCs were seeded on stiff and soft substrate and cultured in mixed adipogenic/osteogenic differentiation medium. After 7-10 days culture time, ALP staining was used to indicate osteogenic differentiation and Oil Red O staining was performed for adipogenic differentiation. ALP staining showed AMPK inhibition in cells on stiff substrates significantly decreased ALP intensity, indicating lower osteogenic differentiation, whereas on soft substrates ALP staining was clearly more intense in the presence of AMPK activator (Fig. 6a, b) . However, no statistically relevant differences were observed for Oil Red O staining of cells cultured on soft or stiff substrates (and with either AMPK activator or inhibitor, respectively) ( Supplementary Fig.   9 ). These results indicate that energy metabolism, as controlled by AMPK, competes with, or overrides, the impact of biophysical cues. 
Discussion
Cells respond to the mechanical properties of the ECM by adjusting the contractility of their actin cytoskeleton, which requires well-developed FAs and well-defined stress fibers 1, 5, 36 .
We demonstrate a clear link between mechanotransduction and the energy expenditure needed for the formation of well-developed FAs, cytoskeletal reorganization into well-defined stress fibers in spread cells, as well as the contractility of the cytoskeleton. Intracellular ATP levels are strongly affected by these energetically costly processes. Experiments disrupting cytoskeletal organization or limiting cell contractility reveal that approximately 20% of cellular ATP is consumed by these processes. A further link between energy metabolism and development of the actin cytoskeleton is highlighted by glucose starvation experiments. In the latter, glucose depletion significantly reduces actin polymerization and FAs formation, confirming that cellular mechano-responses consume a significant fraction of intracellular ATP. We demonstrate that cell spreading on stiff substrates is associated with an initial drop in ATP levels. This drop activates AMPK, a kinase that is triggered by changing AMP/ATP ratios that arise from, for example, starvation, hypoxia or cell detachment from the matrix 18, 19 . AMPK plays a central role in the coordination of cell metabolism and function 17 . We here provide evidence that AMPK effectuates increased cellular glucose uptake, mitochondrial fragmentation and nuclear localization of YAP/TAZ. Experiments with AMPKα-null cells firmly established the central role of AMPK in translating the initial spreading response on stiff substrates into elevated ATP levels at steady state. We further observed that osteogenic differentiation appears correlated with activation of inhibition of AMPK, and not with the substrate stiffness. In summary, our findings provide a long-elusive mechanism for the mechanoresponse of cell via the activation of AMPK.
This response is initiated by cell spreading and the concomitant consumption of ATP (Fig. 6c) , which leads to further spreading and increased cell tension as the actin cytoskeleton organizes and FAs form. ATP expenditure exceeds production, thus leading to a drop in ATP levels and activation of AMPK. AMPK then activates energy metabolism and mitochondrial morphodynamics, while at the same time influencing YAP/TAZ localization and, ultimately, osteogenic differentiation.
Taken together, this work establishes temporal changes in intracellular ATP levels during cell spreading as a new mechanistic link between mechanical forces and molecular responses. In this sense, energy expenditure couples mechanical cues with cellular metabolism via AMPK activation in response to lowered ATP levels. These findings provide an impetus for further studies into the mechanisms that guide energy metabolic remodeling in cells with increased energy demands during their response to environmental cues. Of particular interest in this context is how the remodeled energy metabolism in tumor cells shapes their mechanoresponse to ECM alterations.
